SUMMARY Isotope uptake during static radionuclide scanning and contrast enhancement during CT scanning, which may result from similar pathophyslologlc mechanisms after ischemic infarction, were investigated in an animal model. Infarction was produced by transorbital occlusion of the middle cerebral artery in cats killed one, 2, 4, 8, or 16 days later. Sodium pertechnetate containing technetium-99m and 30% methylglucaraine iothalamate labeled with 1-125 were administered intravenously 60 and 15 min respectively prior to sacrifice. A coronal section through the infarct was parceled into 30 portions which were assayed for concentration of each isotope. Adjacent brain was prepared for histopatbologic correlation. Concentrations of the 2 materials were highest in infarcted brain at 4 and 8 days. Strong positive correlation was found between tissue concentrations of the 2 materials in all brain samples. Elevated tissue levels correlated with necrosis, macrophage infiltration, and vascular byperplasia. The results support the probability that radionuclide scan positivity and CT contrast enhancement reflect the same pathophysiologic development, probably extravasation of the respective labels, after ischemic stroke.
IT HAS BEEN OBSERVED that a characteristic sequence of changes occurs in serial static radionuclide (RN) brain scans after cerebral infarction, 118 as depicted in table 1. The course of change of scan findings is sometimes itself of diagnostic value. The scan is likely to be normal in the first week following infarction. In about two-thirds of patients, follow up scan at 2 to 3 weeks is positive with uptake of the isotope, usually technetium-99m, in the area of infarction. Subsequent scans demonstrate a continuing evolution of the lesion, which is progressively less likely to take up the radionuclide with the passage of time. By 6 months post-ictus, the static RN scan is usually normal. Pathogenetic developments underlying these changes are still debated, but the sequence described is predictable and characteristic.
Computerized tomography (CT) is another imaging technique providing information about the evolution of a cerebral infarction 1128 (table 1) . Within the first few days, a poorly defined area of low attenuation corresponding to the infarct appears in the unenhanced CT scan. At the same time, mass effect may develop indicating that the volume of the infarcted tissue has increased, presumably due to edema. Low attenuation of the infarcted area persists while the mass effect abates over the ensuing few weeks. Eventually, the CT scan appearance of the lesion becomes static as a well-defined shrunken or cystic area of low attenuation, reflecting a loss of solid constituents and, therefore, localized atrophy. If sequential CT scans are performed with enhancement using iodinated contrast material, the temporal CT evolution of the lesion (table 1) . It is unusual for the involved area to enhance in the first few days following infarction, while the majority of one to 4-week-old cerebral infarcts show enhancement. Infarcts more than one month old, however, rarely enhance. Because of the similarity of the temporal profiles of radioisotope uptake, reflected as static RN scan positivity, and concentration of iodinated material, seen as enhancement in CT scanning, it has been suggested that the phenomena may reflect the same pathogenetic developments following cerebral infarction."-"
The purpose of the study was to investigate radioisotope uptake and iodinated contrast material concentration in an experimental model of cerebral infarction. We hypothesized that the tissue concentration of the 2 materials would be affected similarly by temporal evolution in ischemic and infarcted brain. We surmised that if the 2 developments were consistently linked, they probably result from the same pathogenetic process. Finally, we related the processes to contemporaneous changes in the histopathology of the involved tissue.
Methods and Materials Cerebral infarction was produced in 13 adult cats using a method similar to that of O'Brien and Waltz.* Under pentobarbital anesthesia (30 mg/kg), the left middle cerebral artery was approached by the transorbital route. The artery was occluded by bipolar coagulation, and the orbit was sealed. After recovery from anesthesia, each animal was examined for neurologic signs consistent with cerebral infarction, and all were found to have deficits of varying severity. The cats were assigned to one of 5 groups defined by the interval between occlusion and study. Two cats were studied at one day, 2 at 2 days, 3 at 4 days, 3 at 8 days, and 3 at 16 days following infarction.
At the time of study, pentobarbital anesthesia was again administered, and brachial and femoral venous Following sacrifice the skull was rapidly rongeured and the neuraxis divided at the lower medullary level allowing for removal of the intact brain. A coronal slice 2 to 3 millimeters thick was taken from the area of cerebral infarction by making 2 coronal sections, the rostral-most at the level of the temporal tips. The fresh coronal slice was immediately parceled into 30 numbered specimens following a uniform scheme so that later histopathologic correlation could be made by knowledge of the relative location of the numbered specimens in the slice ( fig. 1 ). Specimens one to 15 from the left hemisphere, containing ischemic and infarcted brain, and 16 to 30 from the nonischemic right hemisphere were then placed in pre-weighed vials. The brain remaining after removal of the coronal slice was put in formalin for histopathologic examination.
The vials containing brain tissue were weighed, and wet weight was calculated for each specimen. The radioactivity due to the presence of pertechnetate labeled with technetium-99m and that due to iothalamate labeled with 1-125 were then determined in each specimen using a gamma scintillation counter. Preliminary studies demonstrated that the radioactivity of the 2 isotopes could be separated by pulseheight analysis. The venous blood sample obtained just prior to sacrifice was treated in the same way. Brain:blood ratios for pertechnetate labeled with technetium-99m and for iothalamate labeled with 1-125 were calculated for each specimen from the tissue and blood concentrations. The brain remaining after removal of the coronal slice was fixed in formalin and subsequently embedded in paraffin. Thin sections of the 2 surfaces adjoining those of the removed slice were prepared, mounted on slides, and stained with hematoxylin and eosin. The uniformity with which the fresh coronal slice had been parceled into 30 numbered specimens was approximated on the slides by drawing a grid defining the area corresponding to each of the 30 specimens. The slides were then examined under a microscope, and each of the 30 areas of the 2 slides was characterized histopathologically. Thereafter, by inference, left-sided numbered specimens of the fresh coronal slice which were bordered by an infarcted area, either anteriorly or posteriorly, were considered "infarcted." Left-sided specimens not bordered by an infarcted area were designated "ischemic," and right hemispheral specimens were called "non-ischemic."
The effect on brain:blood ratios of time elapsed since occlusion was investigated. In the initial analysis specimens were grouped by the histopathologic criteria described above. While the extent and distribution of infarction was variable among the 13 animals, 2 areas, corresponding to specimens 7 and 8, were infarcted in all 13 ( fig. 1) . It was possible, therefore, to assess evolving infarction in topographically and histologically identical regions of brain over time after occlusion. In that analysis, the brain:blood ratios of the homologous specimens 22 and 23 in the non-ischemic right hemisphere were compared. Correlations were determined between pertechnetate and iodine brain:blood ratios for each time interval in infarcted, ischemic, and non-ischemic tissue. Finally, the histopathologic features of infarcted tissue at various intervals following occlusion were correlated with brain:blood ratios of pertechnetate and iodine. 
Results

Effect of Time and Histopathologic Grouping on Brain: Blood Ratios
The effect of time after occlusion on brain:blood ratios of pertechnetate and iodine in infarcted, ischemic, and non-ischemic tissue is shown in figure 2 . The mean brain:blood ratios for all specimens at each time interval are connected by the lines, while the mean for each animal is indicated by an individual point. There is no apparent change with time in brain:blood ratios in the hemisphere contralateral to the occlusion (non-ischemic tissue). There is modest elevation of ratios in ischemic tissue and prominent uptake of the 2 materials in infarcted tissue. It can be seen that the brain:blood ratios are highest in infarcted tissue at 4 and 8 days after occlusion. Variability, reflected by distribution of the individual animal means for each ratio, is greatest when the ratios themselves are highest, at 4 and 8 days. Finally, the lines representing the changing brain:blood ratios with time in each of the tissue types are parallel for the 2 materials. The pertechnetate brain:blood ratio is consistently slightly greater than that for iodine, but changes in one ratio are faithfully mirrored by changes in the other. The brain: blood ratios of specimens 7 and 8, which were adjoined by infarcted areas in all animals, were also graphed against time for each material ( fig. 3) . The ratios of the homologous areas 22 and 23 contralateral to the occlusion are shown for comparison. Again, brain:blood ratios in the infarcted areas are markedly elevated at 4 and 8 days but not at one, 2, or 16 days after occlusion. The changes are parallel for the 2 isotopes, and again the ratio for pertechnetate is slightly greater at each time interval.
Correlation of Pertechnetate and Iodine Brain: Blood Ratios
As expected, strong positive correlations were found between pertechnetate and iodine brain:blood ratios (table 2). Strong direct correlation was observed in each histopathologic category and at all time intervals after occlusion.
Histopathologic Correlates
The hematoxylin and eosin stained sections of brain adjoining the slice were examined to determine specific histopathologic correlations. Neuronal ischemia, histopathologic edema, inflammatory response, frank necrosis, macrophage infiltration, vessel hyperplasia, cyst formation, and gliosis were noted for each time period. The most prominent features of the specimens of 4 and 8-day-old infarcts were necrosis, macrophage infiltration, and hyperplastic vessels. 
Discussion
The study results indicate that the behaviors of pertechnetate and iodinated contrast material are similar during the pathologic evolution of cerebral infarction. Because the 2 materials become concentrated at the same time and in the same tissue, it seems likely that the pathogenetic mechanisms which determine the behavior of one material determine the behavior of the other as well. Several mechanisms have been proposed to explain the radioisotope uptake responsible for static RN scan positivity in cerebral infarction. Suggested as being pathogenetically important have been edema, -" Finally, the development of gliosis has been suggested as responsible for radionuclide uptake."
Several investigations have demonstrated that the temporal profile of edema following infarction is different from that of isotope tracer accumulation.* 0 "" Ischemic cerebral edema has characteristics of both the "cytotoxic" and "vasogenic" models which have been produced experimentally. The earliest and major fluid accumulation following ischemic injury is presumably the result of intracellular water accumulation due to metabolic failure of cellular membrane homeostasis. This cytotoxic edema is not accompanied by alteration of the blood-brain barrier to radioactive and other tracers. Subsequently, as the lesion "matures," alteration in barrier characteristics does occur, but water accumulation is then on the wane.* 3 Luxury perfusion, an angiographic syndrome of local contrast "blush" with early draining vein, has been another proposed mechanism of static RN scan positivity. However, the temporal profiles of the angiographic phenomenon and static RN scan positivity are different. The angiographic finding correlates instead with increased local isotope activity in the rapid sequence radionuclide scan, the so-called "isotope flow study." 84 In such infarctions or "hot strokes," the static RN scan is negative when the isotope flow study is positive, and the angiogram shows luxury perfusion. Later, at the expected time, the static RN scan becomes positive, presumably because of other developments.
There is little support for the idea that gliosis is responsible for RN scan positivity since the neuropathologic phenomenon persists, while the scan eventually becomes negative after infarction.
There is better support for the importance of several features of brain necrosis in static RN scan positivity. The development of altered barrier characteristics to various labels is typical of the maturing infarct. An extreme example of barrier alteration is hemorrhagic infarction with extravasation of red cells into brain parenchyma. The phenomenon is particularly corrimon following cerebral embolism with recannalation or clot lysis exposing the compromised distal vascular bed to increased intraluminal pressure. Such a course of events occurs early in the process of infarct evolution and may be responsible for unexpectedly early static RN scan positivity. Less flagrant barrier disruption is reflected by accumulation of intravenously delivered, protein-bound labels as the process of necrosis continues. The alterations are probably important in static RN scan positivity in the second through fourth weeks. Label concentration occurs contemporaneous with the peak activity of mononuclear macrophages and neovascular capillary proliferation. There is experimental support that these latter 2 developments are causally related to isotope concentration."' *• The mononuclear macrophages may take up and trap the label after it gains entry to the extravascular space through defects in the walls of proliferating immature vessels. Radioactive mercurylabeled chlormerodrin, which is thought to behave similarly to technetium-99m, has been demonstrated by autoradiographic techniques in mononuclear cells, particularly in regions of capillary proliferation, after infarction." Employment of similar techniques to localize iodine accumulation more precisely would be of interest.
Investigations of the mechanism of contrast enhancement in CT scanning have suggested that it also depends on extravascular accumulation of the index material in most lesions. 1* -""*• It has been pointed out that following the intravenous administration of contrast material, enhancement follows a different time course than that of plasma iodine concentration. Enhancement is not limited to lesions which are vascular by other standards, and tissue iodine concentration occasionally exceeds that of blood, which would be impossible if the material were confined to the intravascular compartment.
Our data confirm that static RN scan isotope and CT contrast material probably are concentrated in the same tissue at the same time following cerebral infarction. Their presence probably correlates with the histopathologic development of tissue necrosis with macrophage infiltration and vascular hyperplasia. Further, the magnitude of brain:blood ratio changes is similar, suggesting that characteristics which are important in extravasation and tissue uptake of the 2 materials -such as degree of plasma protein binding, the actual protein species to which the materials are bound and the size and charge of the resulting complex -resemble one another.
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In the study of experimental cerebral infarction in the cat model, the materials in question are most avidly taken up at 4 and 8 days. Because the temporal profiles of tissue concentration of the 2 materials are similar, positivity of static RN scanning predicts that enhancement will occur during CT scanning and the converse. The specific timing of static RN scan positivity and CT enhancement applies to cerebral infarction in the cat in which these phenomena may occur somewhat earlier than in the human. Further, conclusions must be qualified by the realization that the 2 imaging techniques may not be equally sensitive to the presence of increased tissue concentration of their index materials.
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